INTRODUCTION
Ionizing radiation causes disturbances of functional properties of hemoglobin. Changes of these properties are parallel to changes of physico-chemical parameters and may be related to the structural modifications". Several papers stated that the irradiation of aqueous solutions of hemoglobin has an effect on prosthetic group',',". The protein part of the molecule is damaged too',',',',".
The results obtained by Szweda-Lewandowska et al." indicate the effect of gamma irradiation upon both the prosthetic group and the protein part of human hemoglobin. In the present paper an attempt has been made to detect the changes of primary structure of bovine hemo globin following irradiation, which would explain changes of oxygen binding capacity.
MATERIALS AND METHODS
Material. Blood used in experiments was obtained from Lowland Black-and-White bulls, homozygous with respect to hemoglobin A, according to the method of Drabkin9'. Gamma irradiation.
Samples of 1% aqueous solutions of oxyhemoglobin were irradi ated at room temperature in air atmosphere with continous mixing with doses ranging from 1 to 4 Mrad using 60Co source at the dose rate of 1 Mrad/h. Determination of hemoglobin concentration. The concentration of hemoglobin in the cyanmethemoglobin form was determined spectrophotometrically. The value of 11 was assumed for absorption coefficient measured at the wavelength of 540 nm for the mole cular weight of 16,000 daltons10' Type of hemoglobin. The type of hemoglobin was tested using the method of electro phoresis of Salisbury et al."' in the modification of Efremov et al."' HbA had higher mobility than HbB and HbAB at the same electrophoresis parameters. Preparation of globin. Globin was obtained according to the method of Rossi-Fanelli et al."' by precipitation in acidified cold acetone (-20°C). Isoelectric focusing. Hemoglobin was separated by the method of isoelectric focusing in 5% poliacrylamide gel with Ampholine within the pH range 5-914'. The electrode vessels were filled with 0.01 M H3PO4 and 0.02 M NaOH. The electrophoretic process was carried out until current reached 0 mA value. The current at the beginning was equal to 1 mA for a tube and voltage was equal to 400 V. The gels were stained with Coomasie-Blue. The obtained pH gradient was calibrated using control gels containing no hemoglobin. Fingerprint analysis. The tested samples of control and irradiated hemoglobin were hydrolyzed by trypsin according to the method of Tentori et al."' Mixture of peptides was separated applying the method of "fingerprinting" described by Ingram in the modification of Baglioni16'. The high voltage electrophoresis was carried out in pyri dine buffer, pH 6.4 with the current 1200 V for the first 15 min and 900 V for the next 2.5h. The subsequent ascending chromatography was performed in pyridine : isoamyl alcohol : water (35: 35: 30) system for 12 h. The peptides were stained with 0.2% ninhydrin and identified on the basis of characteristic reactions for tryptophan17, tyrosine"', histidine19' and arginineL1'. Preparation of j3-globin. Bovine globin was separated into (3 and a chains on CM-32 cellulose/ micro granulated, cationite, from Whatman/by the method of Clegg et al.21-23' in a slight modification, indispensable for a good separation of a and j3 chains of bovine globin (the starting buffer applied in these experiments contained 10-fold lower Na2HPO, concentration than the buffer used by Clegg for separation of human globin chains). Aminoethylation of isolated ,3-chains was performed basically by the method reported by Crestfield et al."' The aminoethylated protein was isolated from the urea and other reagents before tryptic hydrolysis. Tryptic hydrolysis. The aminoethylated 43-chains were hydrolysed in a pH-stat at pH 8.0 at 40°C for 2 h, essentially as described by Ingram251 and in a further modification by Tentori15'. Following hydrolysis, the pH was gradually lowered to 2.0, and the AE-~-chains were submitted to further separation by Dowex 50W X 2, 0.9 x 15 cm column chromatography. Peptide column chromatography. Soluble tryptic peptides corresponding to 10 mg of the (3-chain were chromatographed by automatic column chromatography (standard short column of a Beckman amino acid analyzer with a gradient of pyridine and acetic acid) according to the method of Jones"). The absorption measurement was performed with the use of automatic photometer with the flow-through cuvette 20 mm long at the wavelenght of 570 nm. Automatic analysis of amino acid. The automatic amino acid analyzer JEOL type JLC-6 AH was used to determine the amino acid composition of hemoglobin prepara tions. Before the application on the column the hemoglobin was hydrolyzed in 6 N HCl (110°C, 24 h). The quantitative determination of methionine in the tested samples of hemoglobin was carried out using the method of the protein hydrolysis with p toluenesulfonic acid") and further automatic amino acid analysis2',2g'. Quantitative analysis of tryptophan. The amount of tryptophan was determined in aqueous solutions of globin at the concentration of 1 mg/ml by the spectrophotometric method of Opienska-Blauth29'. For the estimation of amino acid concentration a cali bration curve was used. Determination of SH groups. The quantitative determination of SH groups in hemo globin preparations was performed by the method of Benesch et a130', titrating free SH groups with 0.00025 M AgNO3. The experiment was carried out in Tris-HNO3 KC1 buffer, pH 7.4. The titrated solutions (10 ml) contained 5 mg of hemoglobin. The whirling platine electrode was used as an indicator. Oxygen dissociation curves. Oxygen dissociation curves were determined in 0.01 M phosphate buffer, pH 7 by the spectrophotometric method of Asakura et al.") Iron was reduced with NaBH4. Anoxic atmosphere in the tonometer was achieved using a vacuum pump.
RESULTS
In the irradiated aqueous oxyhemoglobin solutions MetHb is always formed. In our previous paper'' absorption spectra in the visual range were taken as the first criterion of damage caused by radiation and the dependence of the content of MetHb on the dose was analysed. In this paper the studies were concerned only with the protein part of macromolecule. Oxyhemoglobin solutions showed slight turbidity following irradiation with higher doses". The coagulated protein was separated by centrifugation" and for further experiments only the clear supernatants were used. In order to check the effect of irradiation upon the charge of the hemoglobin molecule, isoelectric focusing was applied. It was stated that with the increase of dose, up from 1 Mrad, the migration speed of hemoglobin increases in the anode direction (Fig.  1) . It corresponds to a pI shift from pH=7.15 for the unirradiated hemoglobin to pH =6 .30 for the hemoglobin irradiated with the dose of 4 Mrad (Fig. 2) .
For checking whether all the bands are hemoglobin fractions, the gels were tested densitometrically in the range of Soret band, before staining (Fig. 3) . The densito grams showed that the changes of pI must be attributed to hemoglobin.
It was stated that with the increase of the irradiation dose, up from 2 Mrad, large changes in the peptide separations occur. The disturbances concern a particular group of peptides, namely : 133b, X35, Q5oxy, (312a, j313, a4. These peptides join together or disappear ( Fig. 4 and Fig. 5 ). Similar changes were visible in a column chromatography of the tryptic hydrolysis products of the f3 chain. The observed disturbances occur in the same peptides as it has been observed by "fingerprinting" method ( Fig. 6 .) Fig. 6 . Column chromatography pattern of the tryptic hydrolysis products of jS chains from control and irradiated bovine hemoglobin with the dose of 2 Mrad.
It has been assumed that these changes are due to irradiation injuries of amino acids which are present in damaged peptides.
For this reason a quantitative analysis of amino acid composition of the control and irradiated hemoglobin was performed. It was found that for the doses exceeding 2 Mrad a statistically significant decrease of histidine residues content in the irradiated hemoglobin solutions was observed.
Up from the dose of 4 Mrad a decrease of proline and tyrosine content occurs, too (Table 1) . With the increase of the dose (up from 2 Mrad) a statistically significant decrease of tryptophan content was also observed in the irradiated hemoglobin samples ( Table 2 ). The destructive influence of ionizing radiation upon the protein part of hemoglobin was also shown in the case of the sulfur amino acids. Up from the dose of 1 Mrad a statistically significant decrease of SH groups content (Table 3) and up from the dose of 2 Mrad a statistically significant decrease of methionine content with the increasing doses was noted ( Table 4 ). The results of the experiments on functional properties of hemoglobin demonstrated that with the increase of the irradi ation doses the oxygen dissociation curves are less sigmoidal (Fig. 7) . A statistically significant decrease of p50 value (Po2 at 50°0 oxygen saturation) which describes the oxygen affinity of hemoglobin indicates that an increase of oxygen affinity occurs beginning from the dose of 1 Mrad (Table 5) . From the graph of the Hill equation in logarithmic form parameter "n" values were calculated. The dependence log [y/
(1-y)]=f(log p O2) was assumed to be linear. The estimation of Hill's parameter Table 1 Per cent amino acid content of control and irradiated bovine hemoglobin type A. Table 2 Tryptophan content /ig/mg globin/ in control and irradiated bovine hemoglobin type A. values indicates that ionizing radiation causes such damages of the molecule, which are reflected in a decrease of heme-heme interaction ( Table 5 ). The results were analyzed for statistical significance by the Student's t-test. Table 4 Per cent methionine content of control and irradiated bovine hemoglobin type A. 
DISCUSSION
The obtained results indicate that radiation affects the charge of hemoglobin molecule. Very similar effects were observed on irradiation of horseradish peroxidase32', RNAse33' and lysozyme34,15> The authors of the above mentioned papers assumed that destruction of basic amino acids, splitting of labile amide groups and deamination could all contribute to the shift to higher acidity. Schi ssler and Jung"' claim e. g. that amino acid composition of the native protein is changed after irradiation with respect to histidine and lysine ; Caputo and Dose"' suggest damage to basic residues in lysozyme (with changed pI). Our results obtained by amino acid analysis of irrad iated solutions of hemoglobin support in general these data and confirm the indications obtained from the studies on radiosensitivity of free amino acids. The literature data show that sulfur and aromatic amino acids are most sensitive to the action of ionizing radiation due to their higher reactivity with respect to products of water radiolysis as compared with other amino acids","'. We did not find a significant decrease of Lys and Arg, therefore if the deamination process ensues it is nondetectable by the methods used. The results presented above show that the changes of functional pro perties of hemoglobin may be correlated with the destruction of amino acids residues in the protein following gamma irradiation. An analogy of our results with structural and functional properties of naturally occurring human hemoglobins mutants is sug gested. As an example Hb Zurich /363/E7/His Arg39' may be taken, in which the substitution of one amino acid from the heme surrounding leads to the oxygen affinity change. Morimoto et a1.40' established that oxygen affinity of hemoglobin depends primarly upon the structure of heme pocket and upon the amino acids residues which are involved in the Bohr effect or the 2, 3-DPG binding. The substitution or damage of one of these amino acids leads to the structural changes of hemoglobin which affects its biological properties. In the case of oxyhemoglobin the increase of oxygen affinity is probably connected with histidine, tyrosine and methionine damage because these amino acids built the heme pockets (a132 Met, a45 His, a58 His, a42 Tyr, a87 His, (363 His, /392 His)411, are involved in the 2, 3-DPG binding (/32 His, X143 His)42' and in the Bohr effect (/3146 His)"'.
One of the most important subunit contact regions in the hemoglobin tetramer is the a1/32 contact","'.
The a1/32 subunit interface plays an important role in hemo globin function. The occurrence of pathological hemoglobins with mutations at this interface showed impaired functional properties including mainly reduced cooperativity and changes of oxygen affinity. These hemoglobins include among others Hb Malmo /397/FG4/His-G1 u45'. The reduced heme-heme interaction of gamma irradiated oxy hemogloin is probably due to the irradiation induced damages of tyrosine (a42, a140), proline (a95, /336), histidine (/397) and tryptophan (/337)-the amino acids which are involved in the contact type a1/3241) A similar character of changes of functional properties of the irradiated 5°o human hemoglobin solutions was observed by Szweda-Lewandowska et al.') Moreover dis turbances of the heme-heme interaction process were confirmed by the decrease of the "n" parameter value from the irradiated human hemoglobin solutions"' . The obtained data suggest that the change of free SH groups content is a more sensitive indicator of structural injuries affecting functional properties, than the changes of amino acid residues.
It is evident that no simple relation exist between the radiation induced changes of the functional properties and structural changes due to the destruction of amino acid residues.
The damaged amino acids may be located in regions of protein not directly involved in the biological activity of hemoglobin.
The damage of these amino acids may change the functional properties of macromolecule by some intricate mechanism.
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